Two-photon spectroscopy of atomic cesium confined and cooled in a magneto-optical trap is reported.
Cold atoms confined in a magneto-optical trap' (MOT) are becoming a powerful tool for highresolution spectroscopy. 2 5 The almost-Doppler-free environment and the high atomic density in a MOT are compelling advantages for using trapped atoms as a sample for spectroscopy. For example, by use of this method high-precision Doppler-less measurements of hyperfine structure in sodium were performed in the research reported in Ref. 4 , and two-step excitation in trapped rubidium and cesium was studied in Ref. 5 . Following this theme, in this Letter we report the results of two-photon spectroscopy for Cs atoms trapped in a MOT. The transition we have studied is the 6S/ 2 -6D 5 / 2 transition excited by two-photon absorption at AO = 883 nm. Regarding usual Doppler-free two-photon spectroscopy in an atomic vapor, 6 note that the use of atoms in a MOT mitigates the residual Doppler broadening associated with the strong focusing required for most two-photon processes, which usually have relatively small cross sections and hence require rather high intensities.
The atomic energy levels for Cs relevant to our investigation are shown in Fig. 1 . Together with the trapping beams for the MOT that are quasi-resonant to the 6SV 2 -6P 3 / 2 transition at AT = 852 nm, the scheme for two-photon excitation effectively forms a V system including the ground state and the two excited states 6P 3 / 2 and 6D 5 / 2 . By monitoring the fluorescence from the decay of the excited 6D 5 / 2 state to the intermediate 6P 3 / 2 level at AF = 917 nm as a function of excitation frequency near Ao, we determine the excited-state structure of the 6D 5 / 2 level and hence the magnetic dipole (a) hyperfine structure parameter with an accuracy of -1%. With respect to earlier research we recall that Tai et a1.7 measured the magnetic dipole coefficient (a) by means of magnetic-level crossing in a vapor cell with an accuracy of 30%.8 In addition to the determination of the excited-state hyperfine structure, we have also used the two-photon transition as a probe to observe ac Stark shifts and power broadening of the ground state caused by the presence of the trapping beams and to record some dynamical effects of thermal motion.
In our experiment we employ a homemade Ti:sapphire laser to produce the radiation Po at AO = 883 nm for two-photon excitation of the 6D 5 / 2 state. The laser is frequency stabilized relative to a reference cavity 9 (Fig. 2) . The reference cavity itself is locked to the fluorescent signal (6D 5 /2 -6P 3 / 2 ) generated by Doppler-free two-photon absorption (6SV 2 -6D 5 / 2 ) obtained from an auxiliary Cs vapor cell. Before reaching the Cs cell the locking beam is double passed through two acousto-optic modulators (AOM's). By changing the rf drive frequency to one acousto-optic modulator with an HP8644A synthesized signal generator we can scan the laser frequency by ±40 MHz near AO, corresponding to AfQ = ±80 MHz detuning for the twophoton transition.
To trap the Cs atoms, we use a MOT in a vapor cell, as first implemented by Monroe et al. 1 The trap is sustained by five intersecting laser beams of circular polarization with three in the horizontal plane at 1200 separation and two counterpropagating in the vertical (z) direction. A pair of anti-Helmholtz coils aligned along the z axis generates the necessary magnetic-field gradient for the MOT (Fig. 2) . The trapping laser PT is an external-cavity semiconductor We obtain spectroscopic information about the structure of the 6D 5 / 2 level by observing the fluorescence from the 6D 512 -6 P3/2 transition at AF = 917 nm as a function of excitation frequency near AO = 883 nm. To optimize the signal without saturating the two-photon transition, we must make sure in the excitation and imaging systems to match the Rayleigh length for the excitation beam to the size of the volume that is imaged. More explicitly, recall that the total fluorescence signal IF for unsaturated excitation with Gaussian beam is given by IF = (2F 2 Po 2 na.6/AO)arctan(L/2zo), where na is the atomic density, Po is the excitation power at AO, e is the overall collection and detection efficiency, L is the length of the imaged volume, and z, = g7ro 0 2 /AO is the Rayleigh length. Here r 2 is the two-photon cross section, defined by R 2 = r2o 0 2 , with R 2 the rate of two-photon excitation for an intensity Io.
In our experiment the waist size of the excitation laser is chosen to be -7 Jum and L -150 ,um so that arctan(L/2z 0 ) -0.4. The saturation power with this geometry for the two-photon transition is measured to be -10 mW, which permits Po = 2-4 mW. Fluorescence at AF is collected by a telescope system consisting of two lenses with N.A. = 0.25 (opening angle 30°) and is focused with 1:1 imaging onto the surface of an avalanche photodiode (APD) with an active area of 150 ,um X 150 /um. Two identical interference filters centered at 920 nm protect the avalanche photodiode from the stray light that is mainly at 852 nm. The electrical pulses from the avalanche photodiode are counted by an SR400 photon counter that is interfaced with a personal computer (PC).
To observe the spectra unperturbed by the trapping beams (while also recording the effect of this perturbation), we mechanically chop the trapping and repumping beams at 4 kHz and observe twophoton excitation spectra with the trapping beams both on and off. By gating the photon counting system accordingly, we are then able to obtain in a single-scan excitation spectra with the trapping beams both on and off. Excitation spectra are acquired by variation of the drive frequency to the acousto-optic modulator (and hence the laser frequency) to scan across the entire hyperfine structure of the 6D 5 / 2 level at a rate of typically 0.05 Hz. An example of such a spectrum is shown in Fig. 3 , in which two-photon excitation proceeds from the F = 4 component of the ground 6SI/ 2 level to five hyperfine components with F = 6,5,4,3,2 of the excited 6D 5 / 2 level. Note that the two-photon excitation spectra taken in the on state permit observation of the effect of the strong trapping beams on the Cs ground state, complementing nicely other types of trapped-atom spectroscopy. 2 5 The magnetic dipole a and electric quadruple b coefficients of the 6D 5 / 2 state are determined from spectra similar to those in Fig. 3 recorded over a range of experimental conditions for the trapping beams, the atomic density, and the excitation power In addition to line positions, the peak widths have been measured as a function of excitation power P 0 , with the broadening exhibited in Fig. 4 due to saturation of the two-photon transition. At low power the widths of the resonances extrapolate to 3.2 ± 0.2 MHz. Considering residual Doppler broadening from the finite trap temperature, assumed to be the Doppler cooling limit TD = 120 /K, we obtain a value for the natural linewidth of 3.1 ± 0.2 MHz.
The discrepancy between our measurement and the theoretical prediction of 2.5 MHz (Ref. 11) may be attributable to fluctuations in laser frequency (linewidth -500 kHz), to inhomogeneities in the trap environment (especially spatially dependent Zeeman splittings), to temperatures in excess of TD, and/or to uncertainties of the theoretical value itself. One interesting feature of our measurements in Fig. 4 is the dependence of the line broadening of the F = 4 and F = 5 states on the presence or absence of the repumping beam, whereas the widths of the F = 6 state seem insensitive to this.
To investigate this point further, we show in Fig. 5 two spectra, one obtained with the repumping beam on and the other with the repumping beam off. The difference in relative heights of the F = 5, 4,3 components between the two curves is due to the fact that, without the repumping beam, the F = 4 component of 6S1X 2 is depleted as a result of the decay of the F = 5,4,3,2 components of 6D 5 / 2 to the F = 3 component of 6S,/2. Indeed, without the repumping beam the transitions with F = 5,4,3,2 should normally have near-zero amplitudes since the time to deplete the F = 4 ground level under the conditions of Fig. 5 is only -10-6 s, compared with the 10 -s interval of the off cycle during which the spectra are acquired. That significant amplitudes are observed in Fig. 5 without the repumping beam is principally because of thermal motion, which brings fresh atoms from the trap into the small excitation volume. Further studies of spectra such as those in Fig. 5 with systematic variations in trap parameters as well as in the size of the excitation volume might be of interest in providing a relatively nonintrusive probe of the trap kinetics.
In conclusion, we have investigated two-photon spectroscopy of cold trapped Cs atoms and have determined the a coefficient for the 6D 5 / 2 state with 1% accuracy, which represents a 30-fold improvement over the results of Ref. 7 . We have observed ac Stark shifts for the ground state of cold atoms (Fig. 3) and have demonstrated a possible avenue for exploring transport processes in the trap (Figs. 4 and 5 ).
